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Abstra
tNight sky light ba
kground is the main fa
tor limiting the threshold of all types ofatmospheri
 Cherenkov dete
tors. The intensity of this light has been measured usingthe single photo ele
tron 
ounting te
hnique in the wavelength range of 300-600 nmfor the wide angle integrating and narrow angle dete
tors at the site of the HEGRAexperiment on the Canary Island La Palma.
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The atmospheri
 Cherenkov te
hnique is the only one appli
able to the Very HighEnergy (VHE) band (0.1-20 TeV) in gamma ray astrophysi
s. Only the huge dete
tionarea of typi
ally � 104m2 allows one to measure the very faint 
uxes of gamma rays fromdistant 
elestial obje
ts (10�3 � 10�4photons=m2� hour) with a reasonable rate (�oneevent every few minutes). Due to the stri
t limitations on the size of dete
tors for satelliteborn experiments the realization of any VHE gamma ray proje
t in spa
e is improbable,at least in the foreseeable future.There is a growing interest in the atmospheri
 Cherenkov te
hnique within the s
ienti�

ommunity, espe
ially after the re
ent dete
tion on a high level of statisti
al signi�
an
e ofthe �rst steady gamma ray emitter in our galaxy in the TeV energy range by the Whippleimaging Cherenkov teles
ope - the Crab Nebula [1℄ and 
on�rmation of it by severalindependent groups [2, 3, 4, 5℄. After the dis
overy of a se
ond gamma ray emitter, thistime of extra-gala
ti
 origin the BL La
 obje
t Markarian-421 again by the Whipple groupabout 2 years ago [6℄ and a third, the pulsar PSR 1706-44 by the CANGAROO group [7℄,the situation be
ame mu
h more interesting.A new type of dete
tor of large angular a

eptan
e, AIROBICC, has been designedto use the great potential of the atmospheri
 Cherenkov te
hnique for UHE gamma rayastrophysi
s, at energies E
 � 10 TeV [8℄. The low duty 
y
le of AIROBICC as 
omparedto air shower parti
le arrays is easily 
ompensated for by its lower threshold and mu
hhigher mean angular resolution of � 0:2Æ.One of the main drawba
ks of the atmospheri
 Cherenkov te
hnique is that the lightof night sky (LONS) is a limiting fa
tor when lowering the energy threshold of dete
tors.The amplitude 
u
tuations of dete
ted LONS determine the threshold of a dete
tor.For the signal measurement with an atmospheri
 Cherenkov dete
tor a 
harge sensitiveanalogue to digital 
onverter (
harge integrating ADC) with gate duration of � 30 ns isusually used. Even during su
h a short time a signi�
ant amount of ba
kground lightis integrated together with signal, thus, depending of the design and performan
e of thedete
tor, the amplitude distribution of genuine signal is more or less smeared out. Thise�e
t is more important for events whi
h are 
lose to dete
tor's threshold, be
ause, dueto the power law spe
tra of 
osmi
 rays, these o

ur most frequently and have the lowestsignal 
ontent, resulting in a poor signal to noise ratio. In the subsequent analysis one hasto be 
areful to take this into a

ount.LONS has several 
omponents. These are zodia
al light, integrated starlight, air-glow,aurorae, di�use gala
ti
 light and integrated 
osmi
 light [17℄. Depending on the site andthe measuring zenith angle also the man-made arti�
ial light may 
ontribute to LONS.With atmospheri
 Cherenkov dete
tors one performs measurements during dark nights(between two astronomi
al twilights in the evening and in the morning) when the zodia
al
omponent is very weak or negligible. Also the aurorae are rare phenomena at mid latitudepla
es. So the main and strong 
omponents of LONS in
uen
ing Cherenkov dete
tors arethe integrated starlight and air-glow.Many publi
ations quote the results of measurements of LONS intensity for a spe
i�
or limited spe
tral range [9, 10, 11, 12, 13, 14, 15℄ (for example, a

ording to [11℄ , theintensity is 6:4 � 1011ph=m2 � sr � s for the spe
tral band of 430-550 nm) or for an ill-de�ned2



spe
tral range. With ground based dete
tors one may e�e
tively dete
t the Cherenkovlight from air showers in the wavelength range of �300 to 700 nm. At wavelengths longerthan 700 nm the radian
e of LONS starts rapidly to in
rease due to the intensive emissionlines of OH and H2O bands in the upper atmosphere (see �g. 5) meanwhile the intensityof Cherenkov light drops down � 1=�2, resulting in a poor signal to noise ratio. At thelower end, below � 300 nm the Cherenkov light undergoes strong absorption by the ozonein the air [17℄.PMTs with bialkali photo-
athode give the highest yield of photo-ele
tron (ph-e) inthe dete
tion of Cherenkov radiation 
ompared to other types of photo-
athode materialsand are widely used in the atmospheri
 Cherenkov dete
tors. These PMTs are sensitiveto light in the range of 300-600 nm (the lower limit is due to the type of the glass used forthe entran
e window). Therefore, it is natural to measure the intensity of LONS for thespe
tral range of 300-600 nm.One 
ould try to use the results of some other measurements (see [16℄, for example)to re
al
ulate the intensity of LONS for a spe
i�
 pla
e and a given dete
tor but due todi�eren
es in lo
ation of dete
tors (LONS is a fun
tion of the geographi
al latitude, see[10℄ for example; also the man-made light pollution my vary) and in measuring methodsand 
onditions su
h a result might have non-negligible un
ertainties. The LONS in
uen
ethe dete
tors in many ways su
h as the angular a

eptan
e, the light 
olle
tion area, thetime response and the spe
tral sensitivity. The spe
tral sensitivity may be in
uen
ed bythe transmission of �lters and light guides, the re
e
tivity of mirrors and the spe
tralsensitivity of photo-multiplier tubes (PMT). Additional problems arise from the fa
t thatsome su
h parameters 
an have substantial un
ertainties. Therefore, it is probably best tomeasure the intensity of LONS dire
tly for a given dete
tor at the site where it is operated.Here we would like to de�ne two types of intensity of LONS: for a wide angle de-te
tor (angular a

eptan
e � 1 degree) where the dete
tor integrates the dire
t starlight
omponent of the LONS over substantial part of the night sky - as is the 
ase for AIRO-BICC with its angular a

eptan
e of �1 steradian, and for a narrow angle dete
tor(angular a

eptan
e � 1 degree) where the dete
tor integrates the starlight only from theba
kground of faint stars in a small solid angle, as for any of the 37 pixels of the imaging
amera of the �rst HEGRA Cherenkov teles
ope on La Palma (the angular diameter of asingle pixel is � 0:4Æ [21℄).A

ording to star 
ounts [18℄ in one square degree of the night sky there is on average� 1 star with star visual magnitude m = 8, � 3 stars with m = 9, � 8 stars withm = 10;� 20 stars with m = 11;� 50 stars with m = 12 and so on. Re
alling the angularsize of a pixel of the imaging 
amera (� 0:4Æ � 0:4Æ) one may 
on
lude that on averagethe pixels are integrating the light from stars of m � 10. In 
ontrast, in the 
ase of wideangle integrating dete
tors stars of all magnitudes may 
ontribute to the measured photon
ux. Therefore, on should expe
t that wide angle integrating dete
tors measure higherintensity of LONS 
ompared to narrow angle ones. For example, at large gala
ti
 latitudes(b = 80O) the ratio of integrated starlight of stars with m � 2 to that of stars withm � 10is > 2 (see [18℄, p. 20).The experiment. An experiment has been 
arried out to measure using the singleph-e 
ounting te
hnique the intensity of LONS at La Palma.3



Two PMTs of type FEU-130, whi
h are used in the 37 pixel 
amera of the �rst HEGRACherenkov teles
ope, were 
hosen for this measurement. A
tually, one of the PMTs wasthat in situ as 
hannel #22 of the operating 
amera. They have a GaP �rst dynode, a lownoise (� 100�400 pulses per se
ond on a single photo-ele
tron level at room temperature)and 
an be operated in the single ph-e mode, providing peak to valley ratio of � 2:7. ThePMTs have UV-glass entran
e windows and Sb-Cs-K photo-
athodes and are sensitive tolight in the UV-extended range of 200-650 nm. The PM tube diameter is 30 mm and thephoto-
athode diameter is 25 mm.In �g. 1 the measured quantum eÆ
ien
y (QE)2 of the used FEU-130 PMT is plottedversus the wavelength of the in
ident light. First detailed measurements were performedto determine the gain of the PMTs as a fun
tion of the high voltage (HV) supplied (see�g. 2). For this purpose we measured the photo-
athode and the anode 
urrents with api
oammeter Keithley-485 under the 
ondition of 
onstant illumination.During February 1993 we performed several measurements, but be
ause of poor weatherit was de
ided to repeat them under better 
onditions.LONS for a wide angle dete
tor. On the basis of the 
hosen PMTs, namely PMT#1690, a small wide angle integrating dete
tor was 
onstru
ted. The PMT was �xed atthe 
entre of a 70 
m long metalli
 tube with an inner diameter of 142 mm. The distan
efrom the entran
e window of the PMT to the edge of the tube was 357 mm. A plasti
diaphragm of 6 mm in diameter was pla
ed on the entran
e window of the PMT. Theinner surfa
e of the tube was 
overed with a mat bla
k tape in order to suppress anystray light. The full angular a

eptan
e of the tube was � 23 degrees i.e. � 0:13 sr.Measurements were 
arried out during three nights with good atmospheri
 transparen
y.During measurements the tube was pointing to zenith. The HT of the PMT was set to-1920 V, whi
h 
orresponds to an ampli�
ation of 1:0 � 106. The tube was 
onne
ted via a25.6 m long RG-58 
able to a fast ampli�er having a rise time of 1.05 ns and a gain of 10.Two stages of su
h ampli�ers were 
as
aded to get an ampli�
ation of 100. The outputpulse from the ampli�er was fed to a Le Croy 623 B dis
riminator. The dis
riminatoroutput pulse width (FWHM) was set to 20 ns. We 
he
ked that variation of the outputpulse width within the range from 7 to 30 ns did not a�e
t the 
ount rate. A 150 MHzdual s
aler was used to measure the rate. The s
aler was lat
hed by 1 se
ond wide pulsesfrom a Rubidium 
lo
k. At �rst, the amplitude threshold of the dis
riminator was set toits lowest value (-30 mV), then it was gradually in
reased in steps of 5 mV during themeasurement and the 
orresponding integral 
ount rates were re
orded for ea
h step.Care was taken during these measurements to ensure that the gala
ti
 plane was notin the dete
tors �eld of view.Fig. 3a shows the measured integral amplitude spe
trum of ONS. The PMT noisespe
trum is also given. In �g. 3b one 
an see the 
orresponding di�erential amplitudespe
trum (dedu
ed from the integral one) with a well-de�ned single ph-e peak. One 
ansee that the \valley" in �g. 3b lies near 50 mV, therefore, to 
al
ulate the signal one shouldintegrate the 
ounts of all 
hannels above 50 mV. The same measurement was repeated on2The QE of the PMT was measured with a Be
kman-35 spe
trophotometer, whi
h was 
ross-
alibratedagainst two large diameter 
alibrated photodiodes from Hamamatsu of types AE-968 and 1790, operatedin the photo-voltai
 mode. 4



two more nights with some small 
hanges, for example, using an ampli�er with a gain ononly 50 or raising the HV of the tube to -2100 V, 
losing and opening the tube to measurethe noise of the PMT and the noise due to ele
troni
 pi
k-up (see �g. 3
).; one 
ould seethat the photon 
ux of LONS was slightly di�erent from night to night. One of the main
omponents of the LONS (� 40%) is air-glow or lumines
en
e of the night sky (
omplexphoto
hemi
al rea
tions of air mole
ules, atoms an ions in the upper atmosphere resultin a 
ontinuum and line emission) and it is a de
idedly dynami
 phenomenon [18℄. Itsintensity depends on the viewing angle, in
reasing towards the larger zenith angles and
ontinuously 
u
tuates on a time s
ale of a few hours and a few years about some averagevalue (it depends on the position and a
tivity of the Sun, the 
on
entration of ionisedparti
le plasma and other fa
tors). The transparen
y of the atmosphere also a�e
ts thesemeasurements.All these measurements agreed with our data from February 1993. We found that dueto the LONS our wide angle integrating dete
tor was 
ounting � (0:97 � 0:06) � 106 Hzon a single ph-e level. When the tube was in
lined at a zenith angle of � 30 degrees the
ount rate fell by � 20%. With a further in
rease of zenith angle to 45 degrees the 
ountrate dropped by a further 5%. When the tube was 
overed with a 2-mm thi
k BG-1 blue�lter of the type used in AIROBICC 
ounters, the 
ount rate was redu
ed to 55% of itsoriginal value.To 
al
ulate an integral number 
hara
terising the intensity of LONS, it is ne
essary todetermine the average (over the LONS spe
trum) quantum eÆ
ien
y of the PMT. this wasdone by folding the quantum eÆ
ien
y 
urve of the PMT with the typi
al LONS spe
trum(see �g. 4), kindly provided by the astronomers of nearby William Hers
hel teles
ope [19℄.We found that the average QE of the PMT between 300 and 600 mm is 8.5%. The nextthing whi
h it is ne
essary to know is the solid angle viewed by the dete
tor. This we tookfrom Monte Carlo simulations [20℄. Substituting the appropriate values one obtains:LONSwide angle = (0:97 � 0:06) � 106)0:085 � 0:126sr � 0:28 � 10�4m2 � 1s = (3:2� 0:2) � 1012ph=m2 � sr � sThis is the intensity of LONS for a wide angle dete
tor in the wavelength range from300 to 600 nm at mid-latitudes when dire
ted to zenith and the gala
ti
 plane is outsideof the �eld of view.The LONS for a narrow angle dete
tor. We have monitored the 
ount rate (dueto LONS) of some pixels of the imaging 
amera of the �rst Cherenkov teles
ope on LaPalma [21℄. The pixels of the 
amera are 
onne
ted via 14 m long RG-174 then 25.6m long RG-58 
ables to ampli�ers in the 
entral 
ontrol 
ontainer. The ampli�ers andthe following ele
troni
s for the measurement of single ph-e rates were the same as thosedes
ribed in the previous se
tion. The teles
ope was pointing to zenith.First we measured the dependen
e of singe ph-e 
ount rate upon the output pulsewidth of the dis
riminator for the 
hosen 
hannel (#22). During this measurement thedis
riminator threshold was set to its minimum value (-30 mV) and the HV of the PMTwas -1840 V, providing a gain of 1.0 �106. The data are presented in �g. 5. The useddis
riminator was an updating one and, therefore, one should expe
t an exponential de-penden
e of the measured rate from the output pulse width. An exponential �t to the5



experimental data is shown on �g. 5 with the dashed line. The di�eren
e between the �tand the experimental points for the pulse widths � 10 ns is be
ause of the double pulseresolution of this dis
riminator is limited to � 9 ns. From the �t we have determined asingle ph-e event rate of � 32 MHz. After this the pulse width of the dis
riminator wasset to 13 ns.Further measurements were performed during whi
h the HV of the PMT was set to-1800 V(gain = 0:75 � 106), -1900 V (gain = 1:33 � 106) and -1940 V (gain = 1:67 � 106).Again the threshold of the dis
riminator was in
remented in steps of 5 to 10 mV andthe 
orresponding integral 
ount rates were measured. In �g. 6a are presented threeintegral amplitude spe
tra of LONS for 
hannel #22 and in �g. 6b the three 
orrespondingdi�erential amplitude spe
tra dedu
ed form those. The arrows on the lower part of the�g. 6b indi
ate the amplitude values in mV of the single ph-e peaks for 
orrespondingdistributions. These measurements were repeated with pixels #34 and #36 of the 
amera,giving very similar results.We found that the 
hannels of the 
amera were 
ounting �(20-22) MHz due to LONS.Re
alling the updating feature and the pulse width of the dis
riminator on 
an estimatea single ph-e event rate of � (32 � 2) MHz due to LONS. From this quantity it is easyto 
al
ulate that the mean value of 
harge from photo-
athode of the photo-multipliergenerated by LONS is 0.9-1.0 ph-e during the ADC gate duration of 30 ns - an importantnumber to understand the noise 
hara
teristi
s of the teles
ope.For 
omplete light 
olle
tion in the fo
al plane the pixels of the 
amera are equippedwith solid light guides made from a high UV transparen
y plexiglas [21℄. The average(over LONS spe
trum) QE of the PMT between 300 and 600 nm, opti
ally 
oupled to aplexiglas light guide, is 
al
ulated to be � 7:9%, assuming a peak QE eÆ
ien
y of 19%at 400 nm. The total surfa
e area of the teles
ope's re
e
tor is 5.0 m2 with an averagere
e
tivity of 80%. The geometri
al angular a

eptan
e of a pixel in the 
amera is 0.43degree (full angle). Now we 
an estimate the intensity of LONS:LONS = (32� 2) � 1060:079 � 4:4 � 10�5sr � 0:8 � 5m2 � 1s = (2:3 � 0:15) � 1012ph=m2 � sr � sThere 
ould be a 10% systemati
 error in this number due to the �10% un
ertaintyin the absolute value of the QE of the PMT.It should be mentioned that due to the large angular a

eptan
e of PMT modules inthe 
amera [22℄ they measure not only LONS re
e
ted by the mirrors of the teles
ope, butalso the di�use light re
e
ted from the ground surrounding the teles
ope. The re
e
tivityof the ground depends on the soil type and pa
king, vegetation, humidity and many otherfa
tors and is gereally higher for longer wavelengths [23℄. A reasonable estimate of theground re
e
tivity at the teles
ope site is between 4 and 8%. There is a prote
tive sheetof bla
k polyethylene around the 
amera whi
h limits the �eld of view to � 30Æ and thuslowers the stray light 
ontribution to the signal. The pixels see the edge of the re
e
tor atan angle of 18Æ. Integrating the di�use light between 10Æ and 30Æ shows that the groundre
e
tion 
ontributes � (25� 5)% to the total measured 
harge due to LONS. Therefore,the intensity of LONS is less by the same amount, giving6



LONSnarrow angle = (1:75 � 0:4) � 1012ph=m2 � sr � sSo, this is the intensity of LONS for a narrow angle dete
tor in zenith dire
tion in thewavelength range of 300 to 600 nm at a mid-latitude site, when there are no bright starsin the �eld of view. The systemati
 error in this value 
omes from the above mentionedun
ertainties in the values of the QE and the ground re
e
tion. In the near future we planto perform more dire
t measurement of LONS.The estimated intensity of LONS at La Palma [24℄ using the results of the measurement[19℄, was: LONS = (1:8 � 1:9 � 1012)ph=m2 � sr � swhi
h is in reasonable agreement with our measurement. The agreement with othermeasurements, quoted in [9, 10, 11, 12, 13, 14, 15, 16℄ is also reasonable, of one tries toextrapolate their values to our spe
tral range and allows for the di�eren
es in measuringmethods and 
onditions.A method for the determination of the opti
al transparen
y of atmosphere.Here we propose a method for the determination of the opti
al transparen
y of atmosphereduring repeated astrophysi
al measurements in the opti
al band. A permanent monitoringof the 
ount rate of single ph-e due to LONS 
ould be based on a wide angle dete
tor(similar to the above-mentioned one). Together with the original data one would savethe average rates, for example, ea
h 5-minute interval. The high pre
ision of su
h a\digital" method 
ould provide a valuable independent information about the atmospheri
transparen
y and temporal brightness of the night sky and 
ould be useful during o�-lineanalysis of data.
We are grateful to S.M. Bradbury and I. Holl for valuable dis
ussions.
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Fig. 1: The measured QE of a 
hosen FEU-130 PMT #1690 vs. the wavelength ofillumination.
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Fig. 2: The measured gains of the 
hosen PMTs vs. HV.
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Fig. 3a: The integral amplitude spe
trum of LONS measured in single ph-e mode with awide angle integrating dete
tor on La Palma. The PMT noise is also shown.12



Fig. 3b: The di�erential amplitude spe
trum of LONS, dedu
ed from 3a.
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Fig. 3
: Two more measurements of the integral amplitude spe
tra of LONS performedon di�erent nights. The ampli�er gain is only 50. The PMT noise is shown at the lowerleft 
orner. 14



Fig. 4: A typi
al emission spe
trum of LONS at La Palma, measured with FOS-2 spe
-tograf at the William Hers
hel Teles
ope (after [18℄).
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Fig. 5: The 
ount rate of single ph-e pulses due to LONS for the teles
ope 
hannel #22versus the output pulse width of the dis
riminator. An exponential �t to the measureddata is shown with the dashed line.
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Fig. 6a: Three integral amplitude spe
tra of LONS measured in the single ph-e mode withthe pixel #22 of the imaging 
amera on di�erent nights.
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Fig. 6b: The 
orresponding di�erential amplitude spe
tra, dedu
ed from 6a.
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